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Abstract 
We show that bi-exciton formation can be highly efficient in a solar cell with the 
semiconductor absorber filled with an array of metallic nanoparticles having plasmonic 
resonance tuned to the semiconductor gap energy. This process can be viewed as plasmon-
enhanced multiple exciton generation (PMEG), with the resulting cell efficiency exceeding the 
Shockley–Queisser limit. We demonstrate, that efficiency of the PMEG process, increases with 
decreasing of the semiconductor gap size, and illustrate that by considering in detail three 
systems with gradually decreasing gap size: GaAs, Si and Ge.  
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Electrons or holes in semiconductors, excited into the respective conduction and valence 
bands away from the thermal equilibrium distributions, are referred to as “hot”. Effects of hot 
electrons have been studied and utilized for more than half a century in a variety of electronic 
devices, from Gunn diodes to integrated circuits [1-10]. In conventional solar cells, hot electrons 
rapidly and irreversibly lose their hot energy to phonons (heat), which leads to the Shockley-
Queisser limit for single junction cell efficiency [11]. The amount of the energy lost to heat in a 
conventional device exceeds that harvested in the form of usable electricity. For example, 
commercially available, high efficiency crystalline silicon solar cells convert 20-25% of 
absorbed sunlight into electricity, but more than 30% into heat via hot electrons. Many concepts 
have been proposed to harvest or convert this hot electron energy into usable form, but none 
have been experimentally verified or demonstrated to date [11]. One of the seminal concepts 
proposed for so called third-generation solar photovoltaics (PV) involves harvesting the excess 
energy of these hot electrons before it is dissipated as heat [12], with theoretical efficiency limits 
of over 60%. This is posited to be achievable by first somehow eliminating the phonon scattering 
in the active region, and then extracting the hot electrons through narrow band energy filters at 
absorber-electrode contacts, assuring isentropic cooling. However, this is far from a trivial 
proposition, and no successful solar cell based on this idea has been developed. While early 
investigations found some evidence for hot electron injection into an electrolyte [ 13 ], and 
recently the hot electron contribution to the photo-voltage demonstrated [14], there remains 
limited experimental evidence of improved photovoltaic performance via hot electrons, despite 
many decades of research.  
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In another important scheme to recover the hot electron energy, it was envisioned that a 
single photon in a solar cell could generate two or more electron-hole pairs (physically-separated 
excitons), instead of a single pair. This is the multi-exciton generation (MEG) concept [15-17], 
known to be vanishingly small in bulk materials in the frequency range of interest to 
photovoltaics. It has been demonstrated in laser spectroscopic [16-17] and photocurrent [18] 
studies that, in semiconductor nanoparticles, it can become significant.  
Recently, some of the present authors proposed a plasmonic 3rd generation PV scheme by 
providing an efficient energy-dissipation channel into plasmons in an adjacent or embedded 
plasmonic structure [19]. In this scheme, the hot electron free energy remains reversibly 
“protected” in a collective electronic degree of freedom. This hot electron plasmon protection 
(HELPP) mechanism, which relies on electron-plasmon scattering occurring on a time scale 
sufficiently smaller than phonon emission by either plasmons or hot electrons, was theoretically 
supported by a simple model calculation [19]. Here, we describe a way to combine the HELPP 
idea with MEG, a process which can be viewed as plasmon-enhanced multiple exciton 
generation (PMEG). 
The MEG theory often breaks the process into two steps: first, an incoming photon 
excites a single exciton, with hot carriers participating; second, this exciton, before emitting 
phonons, decays into multiple excitons via Coulomb scattering [20]. Instead of employing 
Fermi’s golden rule to estimate the decay rate of excitons (hot electrons and holes) to biexcitons, 
we calculate the hot electron scattering rate exactly, including the secondary excitons as a part of 
the single particle excitation continuum. The scattering rate of an electron in a semiconductor 
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matrix, from a state Ek to states Ek+q, due to single particle and collective (plasmon) excitations 
(with wave vectors q), is given in RPA by [21] 
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where nB and nF are the Bose-Einstein and Fermi-Dirac distribution functions, respectively,  is 
the chemical potential, (q,) is the effective longitudinal dielectric function of the medium, and 
Vq is the bare Coulomb interaction. Clearly, this calculation requires knowledge of the effective 
dielectric function of a given structure. In a simple, single Lorentzian approximation, the 
dielectric function can be written as [22] 
    
 
 
2
2
p
b
r i

  
   
 
 
        (2) 
which, for 0   and 
2 2
r p  , when inserted into Eq. (1), leads to a simple formula [23]  
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where the renormalized Bohr radius is  
2
* 2 /B b r pa a    , and the auxiliary function  
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x
    is slowly varying for x > 1.5. Eq. (3) can be used as guidance for more 
rigorous calculations/simulations, and it shows, as expected, that the scattering vanishes for 
, and also that it increases rapidly with increasing plasmonic oscillator strength 
p . 
 Consider now a PV semiconductor absorber filled with a cubic array of simple spherical 
nanoparticles (nanospheres). We chose the period of the nanosphere lattice to be a, and the 
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nanosphere diameter D = a/3, so that the projected area fraction remains unchanged as we 
change a. The normalized absorbance (ratio of the light absorbed to the normalized for all cases 
incoming flux), as simulated by employing FDTD code [24, 25] for crystalline GaAs 
semiconductor and silver nanoparticles, is shown in Fig. 1, for four values of a.  
 Fig. 1 shows, that the frequency of the plasmonic absorption increases with decreasing a, 
and saturates  ~400 THz. This behavior reflects the well known dispersion relation of the surface 
plasmon, induced on the surface of the metallic sphere; changing sphere diameter changes an 
effective surface plasmon quasi-momentum according to the “whispering gallery” mode 
condition [14, 22] 2 /q D . The plasmonic absorption peak strengths rapidly increases, once 
the peak frequency enters the intersubband transition region above the gap energy of 1.4 eV 
(~340 THz). In this region, massive generation of interband transitions (excitons) by decaying 
hot electrons is also expected, and will be demonstrated below. The absorption spectrum for each 
value of a is dominated by a single plasmonic resonance, and so one could use Eq. (2) as a 
simple model of the dielectric function, and then use Eq. (3) as a rough estimate of the scattering 
rate. For an accurate analysis we extract the effective dielectric function of the medium by the 
method described in detail in [26], and then use the exact Eq. (1) to obtain the scattering rate. 
The extracted single Lorentzian dielectric functions for D = 67 nm and 6.7 nm are shown in Fig. 
2. The inset shows the corresponding scattering rates vs. hot electron energy. For the smaller 
spheres, intersubband transitions are possible (producing secondary excitons), and the scattering 
rates of hot electrons with energies 2.5 eV and more above the conduction band edge exceed 2 x 
1013 s-1. This is larger than the phonon cooling rate in GaAs of ~ 0.5x1013 s-1 [27]. This is the rate 
of cooling the hot electrons down to the bottom of the conduction band, which requires many 
electron-phonon scattering events; the energy of a single phonon is only ~ 36 meV, and so ~55 
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scattering events are needed to completely cool down a hot electron with energy 2 eV. The 
shaded area in the inset in Fig. 2, shows an estimated cooling rate. For larger spheres (D = 67 
nm), with resonances below the energy gap, no secondary excitons are generated, only plasmons 
at a smaller rate.  
 The efficiency of this PMEG process diminishes with increasing the gap size; clearly 
only hot electrons with energy greater than the gap can generate secondary excitons. In fact, 
GaAs is not a suitable material for PMEG solar cells. The maximum value of the hot electron 
energy generated by the one-sun solar radiation (as measured from the top of the valence band) is 
about 3.4 eV [28], and so we estimate that in GaAs the hot electrons reach only up to about 3.4 
eV – 1.4 eV = 2 eV into the conduction band. However, Fig. 2 shows that significant (exceeding 
the phonon scattering rate) plasmon generation occurs for hot electrons with energy > 2 eV, there 
is possibly only a tiny fraction sun-generated hot electrons which can generate secondary 
excitons. Nevertheless, GaAs is a good material to demonstrate the PMEG effect by using laser 
illumination.  
 Next, we investigate the crystalline Si. Employing exactly the same procedure as in the 
case of GaAs, we obtain the result shown in Fig. 3. The scattering rates are shown in the main 
part of Fig. 3 for two nanoparticle diameters D = 67 and 76 nm. In this case, we have the solar 
radiation induced hot electron band-width equal to 3.4 eV – 1.1 eV = 2.3 eV. For the larger 
diameter sphere, we obtain a significant scattering rate (~1.5x1013 sec-1) already for 1.3 eV, 
which exceeds that of the electron-phonon cooling rate (< 1013 sec-1). Thus, in this case a 
reasonably large portion of the hot electron distribution, of about 43%, is available for the PMEG 
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recovery. Thus crystalline Si is a viable material for both, the PMEG demonstration, as well as 
for a PMEG solar cell.  
 Semiconductors with even smaller gaps, such as Ge (0.68 eV) or InAs (0.32 eV), should 
further improve efficiency of the PMEG process. As an example, we consider here Ge. Fig. 4 
shows the electron-electron scattering rate, obtained by using the effective dielectric function 
shown in the inset, calculated for nanoparticles with D = 33.3 nm. The scattering rate has a 
maximum, representing the PMEG process at about 1.5 eV.  Since in this case the range of hot 
electrons induced by a one-sun illumination is 3.4 eV – 0.7 eV = 2.7 eV (as measured from the 
bottom of the conduction band), a large fraction of hot electrons (more than 50%), with energies 
ranging from 1.3 eV to 2.7 eV can produce the secondary electrons. The electron-phonon 
scattering rate in Ge is ~1014 sec-1 [29], and the corresponding cooling rate (in view of the single 
phonon emission energy of ~20 meV [30]) is ~1012 sec-1, and therefore much lower than the 
electron-electron scattering rate. Thus we conclude, that Ge could be used as a practical platform 
for PMEG cells.  
 Finally, we comment on possible methods of developing arrays of NP inside active area. 
Wet chemistry processed semiconductors are the easiest, and the embedding can be achieved by 
simply mixing the NP with the semiconductor. Embedding NP into amorphous semiconductors 
processed by PECVD (a-Si and a-Ge) can be also obtained relatively easy by the layer-by-layer 
processing [31], or co-sputtering of a metal and semiconductor, followed by thermal processing 
[32]. Embedding plasmonic nanoparticles into crystalline semiconductors is much more 
challenging. Most promising are crystalline NP of silicides, which are plasmonic (metallic) with 
plasma energies in the 3 eV range [33], and so similar to Ag or Au. Most importantly silicides 
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are lattice matched to Si, and so they can be epitaxially grown on Si [34], and vice versa [35]. 
Many of the silicide NP are also compatible with Ge, opening an avenue to PMEG solar cells. 
Another emerging technology is NP implantation, which allows deposition of NP growth seeds 
into semiconductors by ion implantation, and subsequent NP growth from those seeds during 
annealing, which restores crystalline structure [36]. 
 In conclusion, we show that two-pair (bi-exciton) formation can be protected against 
phonon emission, and therefore be a likely event, if the semiconductor is filled with metallic 
nanoparticles having plasmonic resonance tuned to the semiconductor gap energy. The bi-
exciton formation process then results from a rapid sequence of two events: (i) initial exciton 
generation by the incoming photon, and (ii) the second exciton generation by the plasmon-
stimulated hot electron’s decay.  This process can be viewed as plasmon-enhanced multiple 
exciton generation (PMEG). The universality of this effect provides a new paradigm in the 
development of ultrahigh efficiency solar cells, beyond the Shockley–Queisser limit. We also 
demonstrate, that PMEG solar cells benefit from smaller gap semiconductors, and consider in 
detail three systems: large gap GaAs, intermediate gap c-Si and low gap Ge. While the first can 
be used only to demonstrate the PMEG process, the second and third could provide a possible 
platform for PMEG solar cells. 
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Fig. 1. Normalized absorbance spectra of the GaAs absorber filled with a cubic array of silver 
nanospheres (each with diameter D = a/3) 
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Fig. 2 Extracted effective dielectric function of the GaAs absorber filled with a cubic array of 
silver nanospheres (each with diameter D = a/3) for two nanosphere sizes D = 6.7 nm (black), 
and a = 67 nm (red). The inset shows the corresponding electron- electron scattering rates. The 
shaded area represents the rates of electron-phonon scattering processes.  
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Fig. 3 The calculated electron-electron scattering rates for a crystalline silicon absorber filled 
with a cubic array of silver nanospheres (each with diameter D = a/3). 200 nm (black curve) and 
a =230 nm (red curve). The inset shows the corresponding extracted effective dielectric function, 
used to obtain the scattering rates. 
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Fig. 4 The calculated electron- electron scattering rates for a Ge absorber filled with a cubic 
array of silver nanospheres (each with diameter D = a/3 = 33.3 nm). The inset shows the 
corresponding extracted effective dielectric function, used to obtain the scattering rates. 
 
 
 
 
 
 
 
 
